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Heat  island  phenomenon  rises  the  temperature  of  cities,  increases  the  energy  demand  for  cooling  and 
deteriorates  comfort  conditions  in  the  urban  environment.  To  counterbalance  the  impact  of  the  phenomenon, 
important  mitigation  techniques  have  been  proposed  and  developed.  Pavements  present  a  very  high  fraction  of 
the  urban  areas  and  contribute  highly  to  the  development  of  heat  island  in  cities.  The  use  of  cool  pavements 
presenting  substantially  lower  surface  temperature  and  reduced  sensible  heat  flux  to  the  atmosphere,  appears 
to  be  one  of  the  most  important  proposed  mitigation  solutions.  The  present  paper  investigates  and  describes 
the  actual  state  of  the  art  on  the  field  of  cool  pavements.  The  main  thermal  and  optical  parameters  defining 
the  thermal  performance  of  pavements  are  analyzed.  Almost  all  of  the  developed  technologies,  where  data  and 
results  are  available,  are  considered  while  emphasis  is  given  on  the  presentation  of  reflective  and  permeable/ 
water  retentive  pavements.  The  main  technological  achievements  on  both  fields  are  reviewed  while  existing 
applications  are  described  and  performance  data  are  given  when  available.  The  existing  results  clearly  show 
that  the  mitigation  and  cooling  potential  of  cool  pavements  is  very  significant  and  can  highly  contribute  to 
decrease  temperature  on  the  urban  environment. 
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1.  Introduction 

Heat  island  refers  to  the  development  of  higher  urban  tem¬ 
peratures  of  an  urban  area  compared  to  the  temperatures  of 
surrounding  suburban  and  rural  areas.  The  phenomenon  is  related 
to  positive  thermal  balance  created  in  the  urban  environment 
because  of  the  increased  heat  gains  like  the  high  absorption  of 
solar  radiation  and  the  anthropogenic  heat,  and  the  decreased 
thermal  losses  [1],  Uncontestably,  heat  island  is  the  most  docu¬ 
mented  phenomenon  of  climate  change  and  is  very  well  docu¬ 
mented  for  various  geographic  areas  of  the  planet  [2,3].  In  many 
cities  the  intensity  of  heat  island  may  exceed  several  degrees  while 
an  important  regional  and  temporal  variability  is  observed  [4]. 
Together  with  the  phenomenon  of  global  climate  change  are 
the  main  reasons  for  the  observed  important  increase  of  urban 
temperatures  [5-7].  The  phenomenon  is  observed  in  specific  areas 
of  the  cities  presenting  high  density,  and  low  environmental 
quality  and  results  in  a  serious  reduction  of  ambient  thermal 
comfort  levels  and  poor  indoor  thermal  conditions  [8-13].  As 
reported  [14,15],  between  1979  and  1998  the  Center  for  Disease 
Control  and  Prevention  in  United  States,  estimated  that  exposure 
to  excessive  heat  has  resulted  in  about  7421  deaths  in  the  US. 

Heat  island  has  an  important  impact  on  the  energy  consump¬ 
tion  of  buildings  and  increases  their  energy  consumption  for 
cooling  purposes.  Various  studies  have  shown  that  the  cooling 
energy  consumption  of  buildings  may  be  doubled  because  of 
the  important  increase  of  urban  temperatures  [16-25],  In  parallel, 
because  of  the  higher  urban  temperatures,  the  emission  and 
generation  of  urban  pollutants  and  in  particular  of  tropos¬ 
pheric  ozone  increases  considerably  [24,26],  while  the  ecological 
footprint  of  the  cities  suffering  from  heat  island  is  growing 
seriously  [25]. 

Counterbalancing  the  effects  of  urban  heat  island  is  a  major 
priority  for  the  scientific  community.  Several  techniques  have  been 
proposed,  developed  and  applied  with  quite  high  success  [27], 
Proposed  mitigation  techniques  and  technologies  involve  the  use 
of  the  so  called  cool  materials  presenting  a  high  reflectivity  in  the 
solar  spectrum  together  with  a  high  thermal  emissivity  value, 
able  to  amortize  and  dissipate  solar  and  thermal  energy  [28-33], 
the  development  of  smart  materials  presenting  high  optical 
and  thermal  performances  [34-37],  the  use  of  green  spaces  in 
the  urban  environment  involving  appropriate  landscaping  and 
design  of  urban  green  modules  [38,39],  the  use  of  appropriate 
heat  sinks  presenting  low  temperature  to  dissipate  the  excess 
ambient  heat  involving  the  use  of  the  ground,  ambient  air  and 
water  [40-45],  appropriate  shading  and  solar  control  of  urban 
surfaces  [46,47],  and  the  use  of  low  temperature  roofs  in  urban 
buildings,  based  either  on  the  use  of  the  previously  mentioned 
cool  materials  on  the  roof  surface  (cool  roof),  or  the  installation  of 
a  plantation  system  on  it  (green  or  planted  roof)  [48-56]. 

The  impact  of  pavements  on  the  development  of  urban  heat 
island  is  very  important.  Many  recent  studies  have  shown  that 
paving  surfaces  play  a  very  determinant  role  on  the  overall  urban 
thermal  balance  [57-60].  Pavements  cover  a  quite  high  percentage 
of  the  urban  fabric  and  contribute  highly  to  the  development  of 
heat  island.  Paved  surfaces  in  Europe  and  USA,  consist  mainly  of 
concrete  and  asphalt  surfaces  that  present  high  surface  tempera¬ 
tures  during  the  summer  period.  Studies  reported  by  Rose  et  al. 
[61],  indicate  that  pavements  in  United  States  cover  almost  29%  of 
the  urban  fabric.  Other  studies  reported  in  [62-65],  for  various  US 
cities,  show  that  paved  surfaces  including  roads,  sidewalks  and 
parking  areas  cover  between  29%  and  39%  when  viewed  above  the 
urban  canopy  or  36-45%  viewed  under  the  canopy.  As  mentioned 
in  [66],  only  parking  lots  in  USA  occupy  37.2  billion  square  meters 
covered  by  black  asphalt.  It  is  estimated  that  only  in  USA,  about 
166  billion  dollars  are  necessary  to  improve  the  road  surface  in 


bridges  and  highways  each  year  while  more  than  half  of  the  above 
amount  is  required  for  pavement  preservation  [67]. 

Decreasing  the  surface  temperature  of  pavements  may  con¬ 
tribute  highly  to  improve  the  thermal  conditions  in  cities  suffering 
from  high  urban  temperatures.  This  can  be  achieved  by  replace¬ 
ment  of  conventional  paving  surfaces  with  new  ones  presenting 
much  lower  surface  temperatures  during  the  warm  period,  recon¬ 
struction,  preservation  and  rehabilitation  of  the  existing  pave¬ 
ments  to  improve  their  thermal  performance  and  shading  of  the 
paved  surfaces  to  decrease  absorption  of  solar  radiation  [68]. 
Advanced  materials  and  surfaces,  known  as  cool  pavements,  have 
been  developed  and  are  available  for  use  in  urban  environments. 
Cool  pavements  are  mainly  based  on  the  use  of  surfaces  presenting 
a  high  albedo  to  solar  radiation  combined  to  a  high  thermal 
emissivity  (reflective  pavements),  or  are  using  the  latent  heat  of 
water  evaporation  to  decrease  their  surface  and  ambient  tempera¬ 
ture  (water  retention  pavements).  Both  technologies  are  well 
developed  and  many  commercial  products  are  available  to  the 
market.  In  parallel,  many  large  applications  with  cool  pavements 
have  been  designed,  constructed  and  evaluated  with  very  promis¬ 
ing  and  important  results  [69-77].  It  is  characteristic  that  in  Japan 
the  installed  surface  of  cool  pavements  until  2009,  was  more  than 
800,000  m2,  while  annual  installations  exceeded  270,000  m2  [75], 

The  present  paper  aims  to  present  and  analyze  the  actual  status 
of  development  of  the  main  technologies  associated  to  cool  pave¬ 
ments.  It  evaluates  the  recent  developments  concerning  reflective 
and  permeable  paving  surfaces  while  it  presents  new  ideas  and 
applications  beyond  the  above  technologies.  In  parallel,  it  offers 
organized  information  on  several  case  studies  where  cool  pave¬ 
ments  have  been  used  in  real  scale  projects  and  investigates  the 
obtained  results. 


2.  Pavements  and  urban  climate 

Pavements  affect  strongly  the  urban  climate.  Their  thermal 
balance  is  determined  by  the  amount  of  the  absorbed  solar 
radiation,  the  emitted  infrared  radiation,  the  heat  transferred  by 
convection  to  the  atmospheric  air,  the  heat  stored  into  the  mass  of 
the  material  and  the  heat  conducted  to  the  ground.  When  latent 
heat  phenomena  are  present,  evaporation  or  even  condensation 
affect  the  thermal  regime  of  the  pavement  surfaces  as  well,  while 
the  effect  of  rain  and  icing  has  to  be  considered  as  well.  Anthro¬ 
pogenic  heat,  because  of  the  road  traffic  may  also  affect  the 
thermal  balance  of  the  materials  [78].  Specific  studies  reported 
in  [79]  show  that  infrared  radiation  from  pavements  in  Tokyo 
causes  heating  of  the  atmosphere  which  is  about  half  the  rate  of 
energy  consumption  of  commercial  areas  in  the  city.  As  concluded 
in  [79,80],  pavements  are  the  major  contributors  to  the  develop¬ 
ment  of  urban  heat  island. 

The  thermal  balance  of  pavements  and  its  impact  on  urban 
climate  is  analyzed  using  experimental  and  computational  simula¬ 
tion  techniques.  Experimental  evaluation  of  the  thermal  regime  of 
pavement  surfaces  may  be  performed  either  by  using  mesoscale 
remote  sensing  techniques  or  microscale  measurement  methods 
involving  infrared  thermography  and  conventional  temperature 
monitoring.  Mesoscale  satellite  based  techniques  have  been  exten¬ 
sively  used  to  assess  the  surface  temperature  in  urban  areas  [81-86]. 
Satellite  based  techniques  provide  a  useful  tool  to  understand  the 
spatial  distribution  of  urban  surface  temperatures  and  assess  at  an 
early  phase  the  impact  of  pavement  materials  on  urban  heat 
islands,  however  they  are  associated  with  several  constraints  like 
the  time  limitations  set  by  the  orbit  of  the  satellites,  the  resolution 
of  the  images  and  the  problems  associated  to  the  interpretation 
of  the  images  [81,87,88].  Microscale  measurement  techniques 
provide  detailed  information  on  the  thermal  conditions  of  the 
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studied  areas  and  allow  a  deep  understanding  of  the  correspond¬ 
ing  thermal  processes.  Most  of  the  microscale  experimental 
campaigns  have  been  performed  using  infrared  thermography  or 
conventional  temperature  measurements  using  thermocouples. 
Accurate  measurement  of  surface  temperatures  using  infrared 
thermography  requires  the  exact  knowledge  or  estimation  of 
the  emissivity  of  the  selected  materials.  Methods  to  estimate 
the  emissivity  of  materials  are  presented  in  [89-91],  The  use  of 
thermocouples  to  measure  surface  temperatures  is  a  well  known 
and  accurate  technique  provided  that  a  very  good  contact  is 
achieved  between  the  surface  and  the  sensors.  Comparative 
measurements  of  the  surface  temperature  of  various  pavement 
materials  using  both  infrared  thermography  and  conventional 
temperature  sensors  were  performed  in  [81].  As  reported,  the 
temperature  differences  ranged  between  0.2  and  5.6  K.  The  infra¬ 
red  thermography  showed  higher  temperatures  than  the  used 
thermocouple  sensors.  The  specific  microscale  techniques  present 
a  very  high  degree  of  accuracy  and  can  provide  instantaneous 
results  and  information  on  the  diurnal  variation  of  the  tempera¬ 
ture  patterns;  however  they  cannot  provide  a  global  visualization 
of  the  temperature  distribution  in  a  large  area. 

Computational  simulation  techniques  were  proposed  and  devel¬ 
oped  to  predict  and  analyze  the  thermal  performance  of  pavements. 
Models  are  able  to  investigate  the  specific  thermal  phenomena  which 
may  not  be  measured  in  a  direct  way.  Several  models  were  proposed 
using  analytical  or  numerical  techniques  [92-99],  with  a  variable 
degree  of  complexity.  Most  of  the  models  claim  a  very  good  agreement 
with  experimental  data. 

2.1.  The  role  of  the  albedo 

The  amount  of  solar  radiation  absorbed  or  reflected  is  deter¬ 
mined  by  the  spectral  and  broadband  absorptivity  or  reflectivity  of 
the  specific  material.  Data  on  the  specific  reflectivity  of  materials 
used  for  pavements  and  roads  is  reported  in  [100].  In  general,  the 
value  of  the  reflectivity  is  determined  by  the  color  of  the  material 
and  its  roughness.  Light  colors  present  a  lower  absorptivity  to  the 
visual  spectrum  of  solar  radiation,  while,  the  specific  absorptivity 
to  the  infrared  part  of  the  radiation  is  quite  independent  of  the 
perceived  color.  Absorptivity  of  solar  radiation  is  also  affected  by 
the  roughness  of  the  surface.  As  reported  in  [101],  where  different 
pavement  materials  have  been  comparatively  measured,  tiles  with 
smooth  and  flat  surface  were  cooler  than  the  tiles  with  rough  and 
anaglyph  surface. 

Numerous  studies  have  been  performed  to  correlate  the  impact 
of  the  color  of  pavement  materials  on  their  surface  temperature 
and  sensible  heat  released.  In  [101],  several  types  of  commercial 
pavements  were  comparatively  tested  during  summer.  As  reported 
the  maximum  surface  temperature  difference  between  black 
granites  and  white  marbles  reached  values  close  to  19  C,  while 
significant  temperature  differences  were  measured  between  pave¬ 
ment  types  of  different  color.  In  [102],  the  surface  temperature  of 
different  color  thin  layer  asphaltic  materials  exposed  to  solar 
radiation  was  measured.  Off  white  asphalt  presenting  an  albedo 
to  the  visible  part  close  to  0.45,  was  found  to  present  almost  12  K 
lower  maximum  surface  temperature  than  black  asphalt  having  an 
albedo  close  to  0.03.  In  parallel,  yellow,  beige,  green  and  red 
asphalt  materials  with  albedos  in  the  visual  spectra  of  0.26,  0.31, 
0.10  and  0.11  presented  9.0,  7.0,  5.0  and  4.0  K  lower  maximum 
surface  temperature  than  the  black  asphalt  respectively.  It  is 
evident  that  the  specific  reflectivity  value  of  the  materials  in  the 
near  infrared  part  of  the  spectrum  affected  almost  equally  the 
surface  temperature.  Measurements  performed  in  street  canyons 
[103,104],  show  that  the  surface  temperature  of  black  asphalt 
during  summer  reached  temperatures  close  to  65  °C,  the  tempera¬ 
ture  of  gray  stone  was  48  °C,  while  the  surface  temperature  of 


shaded  and  non-shaded  gray  color  cement  pavements  were 
around  30  and  60  °C,  respectively.  In  another  study  [105],  summer 
measurements  performed  in  painted  streets  with  an  albedo  of  0.55 
against  unpainted  streets  with  albedo  close  to  0.15,  showed  that 
high  albedo  streets  presented  almost  11  K  lower  ambient  tem¬ 
perature.  The  sensible  transport  and  emissions  measurements 
from  asphalt  pavements  and  bare  soil  are  reported  in  [79].  Asphalt 
pavements  contributed  an  additional  200  W/m2  in  sensible  trans¬ 
port  and  emitted  plus  150  W/m2  in  infrared  radiation  compared  to 
the  bare  soil.  Other  measurements  reported  in  [106],  show  that 
white  elastomeric  coatings  with  albedo  of  0.72,  were  45  I<  cooler 
than  black  coatings  having  an  albedo  of  0.08.  A  comparative 
assessment  of  different  pavement  materials  used  in  the  urban 
environment  of  Athens,  Greece,  was  performed  using  satellite 
remote  sensing  techniques  during  the  hot  summer  period,  and  is 
reported  in  [107].  The  surface  temperature  of  asphalt  was  mea¬ 
sured  to  range  between  77.6  and  81.8  °C,  of  concrete  between  56.2 
and  78.6  °C,  of  marble  48.6-67.3  DC  and  of  stone  between  47.5  and 
75.1  DC.  Comparative  measurements  of  various  pavement  materials 
during  the  summer  period  is  reported  in  [81  j.  In  particular, 
conventional  graded  hot  mix  asphalt,  asphalt  rubber  chip  seal, 
gap  graded  asphalt  rubber  mixture,  plain  concrete  pavement 
sections  and  plain  concrete  sections  modified  with  the  use  of 
crumb  rubber,  were  measured.  It  is  found  that  the  gap  graded 
asphalt  rubber  concrete  presented  the  highest  surface  tempera¬ 
ture  (67.8  °C),  and  the  lowest  albedo  (0.12).  The  pavement  made  of 
concrete  section  had  the  highest  albedo  (0.48),  and  a  surface 
temperature  close  to  51.8  C.  It  is  characteristic  that  the  surface 
temperature  of  thick  asphalt  rubber  was  close  to  66.7  °C  for 
an  albedo  of  0.13  and  was  reduced  to  51.1  °C  when  the  albedo 
increased  to  0.26  by  adding  some  white  paint.  A  sensitivity 
analysis  regarding  the  impact  of  the  albedo  on  the  maximum 
and  minimum  surface  temperature  of  various  pavement  materials 
is  reported  in  [99].  It  was  found  that  materials  with  albedos  close 
to  0.1  and  0.5  had  surface  temperatures  close  to  71  °C  and  53  °C, 
respectively,  while  the  corresponding  minimum  surface  tempera¬ 
tures  were  67  °C  and  60  °C.  Research  reported  in  [108],  shows  that 
pavements  presenting  albedos  of  0.05,  0.15  and  0.35  had  a  surface 
temperature  equal  to  50.5,  46.1  and  32.2  °C  respectively. 

Serious  research  efforts  to  increase  the  reflectively  of  the 
paving  materials  is  carried  out  and  reported.  Technological  devel¬ 
opments  aimed  at  two  different  directions:  (a)  to  increase  the 
albedo  of  light  colored  or  white  pavements,  by  increasing  their 
spectral  reflectance  in  the  visible  part  of  the  solar  radiation,  and 
(b)  to  increase  the  spectral  reflectivity  of  colored  materials  in  the 
near  infrared  part  of  the  spectrum.  A  review  of  the  existing  recent 
developments  is  given  in  the  following  sections. 

2.2.  The  role  of  emissivity 

Materials  emit  long  wave  radiation  as  a  function  of  their 
temperature  and  emissivity.  High  emissivity  values  correspond 
to  good  emitters  of  long  wave  radiation  and  can  readily  release  the 
absorbed  energy.  Simulation  of  the  emitted  thermal  radiation  from 
pavements  in  California  showed  that  the  net  infrared  radiation 
balance  varied  between  60  and  120  W/m2  as  a  function  of  the 
surface  temperature,  [92].  Similar  measurements  reported  in  [79], 
show  that  the  maximum  upward  infrared  radiation  over  asphalt 
and  normal  color  concrete  was  around  550  W/m2,  while  the  net 
infrared  radiation  balance  varied  between  0.0  and  80  W/m2. 
Several  studies  were  performed  to  understand  the  impact  of  the 
emissivity  on  the  thermal  performance  of  materials  used  in  the 
urban  environment.  Measurement  of  the  surface  temperature  of 
various  highly  reflective  paving  materials  [109],  has  concluded 
that  emissivity  is  the  most  important  factor  affecting  the  surface 
temperature  of  the  materials  during  the  night  period.  It  is  reported 
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that  a  very  good  correlation  between  the  average  nocturnal  sur¬ 
face  temperature  and  the  corresponding  material  emissivity  has 
been  found.  Materials  having  an  emissivity  of  0.93  presented  a 
nighttime  surface  temperature  depression  of  5  K,  compared  to 
other  materials  with  emissivity  close  to  0.35.  Several  other  studies 
have  highlighted  the  role  of  emissivity  on  the  thermal  perfor¬ 
mance  of  materials  or  even  urban  structures.  A  sensitivity  analysis 
performed  in  [99]  regarding  the  role  of  emissivity  on  the  max¬ 
imum  and  minimum  surface  temperature  of  various  pavement 
materials  has  shown  that  when  the  emissivity  value  increases 
from  0.7  to  1.0  the  maximum  and  minimum  surface  temperatures 
decrease  by  5.0  K  and  8.5  K,  respectively. 

In  [110],  the  combined  impact  of  surface  reflectivity  and 
emissivity  of  building  materials  was  assessed  using  simulation 
techniques.  It  is  reported  that  the  role  of  emissivity  is  quite 
important  when  the  reflectivity  of  the  materials  is  reduced  while, 
for  high  albedo  values,  the  relative  increase  of  the  emissivity  offers 
minor  advantages  regarding  the  cooling  load  of  buildings.  Simula¬ 
tion  results  reported  in  [111],  regarding  the  optical  and  thermo¬ 
physical  characteristics  of  paving  materials  concluded  that  both 
the  albedo  and  emissivity  of  the  materials  have  the  highest 
positive  impact  on  the  surface  temperature  of  the  studied  materi¬ 
als.  The  impact  of  emissivity  on  the  urban  heat  island  is  also 
studied  in  [112].  Simulations  have  shown  that  the  role  of  emissiv¬ 
ity  on  the  heat  island  intensity  during  the  night  is  quite  minor. 
When  the  emissivity  increased  from  0.85  to  1.0,  the  temperature 
difference  between  the  urban  and  rural  environment  varied  by 
0.4  K,  and  just  for  very  narrow  canyons. 

2.3.  The  role  of  heat  convection 

Heat  transfer  by  convection  to  and  from  the  pavements  surface 
is  a  function  of  the  temperature  difference  between  the  ambient 
air  and  the  surface  of  the  pavement  as  well  as  of  the  heat  transfer 
coefficient  ( hconv ).  Heat  convection  may  be  free  or  forced  or  both, 
depending  on  the  wind  speed  velocity  and  temperature  difference. 
According  to  Jiji  [113],  the  free  convection  coefficient  over  a  flat 
plate  is  close  to  5.9W/m2/K.  For  laminar  air  flow  and  for  wind 
speeds  not  exceeding  2  m/s,  the  heat  transfer  coefficient  may  be 
calculated  according  to  t/engel  [114],  while  for  higher  wind  speeds 
the  formula  proposed  in  [93],  may  be  used.  Simulation  of  the  heat 
transferred  by  convection  from  the  pavements  to  the  ambient  air 
for  Californian  cities  during  the  summer  period  has  shown  that 
it  varies  between  0.0  and  125  W/m2,  and  is  a  function  of  the 
temperature  difference  between  the  materials  and  the  ambient  air. 
Measurements  over  asphalt  and  concrete  surfaces,  reported  in 
[79],  show  that  the  maximum  convective  transfer  during  the 
hottest  time  of  the  day  was  350  and  200  W/m2  respectively  [79]. 

2.4.  The  role  of  other  thermal  parameters 

Thermal  conductivity  and  thermal  capacitance  are  the  main 
additional  parameters  that  affect  the  thermal  performance  of 
pavements.  The  thermal  characteristics  of  pavements  and  in 
particular  of  concrete  are  well  documented  [115-117],  Increased 
thermal  conductivity  of  paving  surfaces  contributes  to  transfer 
faster  the  heat  from  the  pavements  to  the  ground  and  vice  versa. 
Thus,  during  daytime,  when  the  temperature  of  the  pavements  is 
higher  than  the  temperature  of  the  ground,  heat  is  transferred  to 
it,  while  during  nighttime  the  adverse  flow  is  observed.  As  a 
matter  of  fact,  materials  with  higher  conductivity  present  much 
lower  average  maximum  and  higher  average  minimum  tempera¬ 
tures.  Simulations  performed  in  [99],  to  investigate  the  impact  of 
thermal  conductivity  on  the  pavements  surface  have  shown  that 
when  conductivity  increases  from  0.60  to  2.60  W/m/K,  the  average 
maximum  surface  temperature  decreases  by  7  K,  while  the 


average  minimum  temperature  increases  by  4.5  K.  In  another 
study  [98,118],  under  much  lower  solar  radiation  and  pavements 
surface  temperature,  simulations  carried  out  have  concluded  that 
the  role  of  conductivity  is  marginal  for  the  pavement  temperature 
near  its  surface. 

The  thermal  capacity  of  the  paving  materials  has  a  similar 
impact  on  the  maximum  and  minimum  surface  temperatures 
like  the  thermal  conductivity.  High  thermal  capacity  decreases 
the  average  maximum  surface  but  at  the  same  time  increases  the 
average  minimum  one.  Simulations  reported  in  [99],  aiming  to 
investigate  the  impact  of  the  thermal  capacity,  have  shown  that 
when  its  value  increases  from  1.40  to  2.80  x  10s  J  m-3  °C_1,  the 
average  maximum  temperature  decreases  by  almost  5  K,  while 
the  corresponding  minimum  temperature  determines  at  large  its 
temperature. 

2.5.  The  impact  of  permeability 

In  permeable  pavements,  water  passes  to  the  soil  through  the 
materials  voids/pores.  It  evaporates  when  the  temperature  of 
the  material  increases,  contributing  towards  a  lower  pavement 
surface.  The  degree  of  evaporation  is  a  function  of  the  moisture 
content  in  the  material  and  the  atmosphere  and  depends  highly 
on  the  temperature  of  the  material.  Higher  moisture  contents  and 
increased  watering  may  keep  the  surface  of  the  pavements  cooler 
[119].  Experiments  reported  in  [120],  have  shown  that  dry  perme¬ 
able  pavements  present  a  higher  surface  temperature  than  the 
non-permeable  equivalents  [120].  Other  experimental  investiga¬ 
tions  [121],  have  shown  that  there  is  no  correlation  between  the 
surface  temperature  and  the  permeability  of  the  water  retentive 
concrete  blocks.  Permeable  pavements  are  more  suitable  for  warm 
and  humid  climates  where  rain  water  is  mainly  used  to  cool  down 
the  surface  of  the  pavements.  Waste  water  may  be  used  as  the 
evaporative  source  as  well.  For  dry  climates  where  the  availability 
of  water  is  a  problem,  permeable  pavements  may  not  a  suitable 
solution. 

3.  Improving  the  thermal  performance  of  pavements 

Effective  mitigation  of  the  impact  of  pavements  on  urban  heat 
island  necessitates  a  serious  reduction  of  the  sensible  heat  flux 
released  to  the  atmosphere  by  the  paving  surfaces.  This  is  equi¬ 
valent  to  the  reduction  of  their  surface  temperature  during  the  day 
and  night  period.  Paving  materials  presenting  a  relatively  reduced 
surface  temperature  are  known  as  cool  pavements. 

Reduction  of  the  surface  temperature  of  pavements  may  be 
achieved  by  employing  some  of  the  following  techniques: 

(a)  To  increase  the  albedo  of  the  paving  surfaces  in  order  to 
absorb  less  solar  radiation  (reflective  pavements).  Most  of  the 
existing  techniques  apply  to  asphalt,  concrete  and  other  types 
of  pavements.  Existing  techniques  to  increase  the  albedo  of 
pavements  include  [122-125,108]:  The  use  of  conventional 
cement  concrete  pavement,  the  use  of  concrete  additives  like 
slag  cement  and  fly  ash,  the  application  of  white  topping  and 
ultra  thin  white  topping  techniques,  the  use  of  roller  com¬ 
pacted  concrete  pavement,  the  use  of  light  aggregates  in 
asphalt  concrete  surfaces,  the  use  of  chip  or  sand  seals  with 
light  aggregates,  the  application  of  color  pigments  and  seals 
and  the  use  of  colorless  and  reflective  synthetic  binders, 
the  painting  of  the  surfaces  with  a  light  color  using  or  not 
microsurfacing  techniques,  the  use  of  sand/shot  blasting  and 
abrading  binder  surfaces,  resin  based  pavements,  etc.  Some  of 
the  techniques  are  appropriate  for  new  pavements  while  other 
for  pavement  rehabilitation  and  maintenance. 
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(b)  To  increase  the  permeability  of  the  surfaces,  in  vegetated  and 
non-vegetated  pavements,  in  order  to  decrease  their  surface 
temperatures  through  evaporation  processes.  These  types  of 
pavements  are  known  as  permeable,  porous,  pervious  or  water 
retaining  materials.  As  stated  in  [126],  the  words  previous  and 
permeable  are  synonymous  and  signify  that  water  can  flow 
through  the  material  through  a  series  of  pores  or  connected 
holes.  In  porous  materials  holes  are  available  in  the  material 
mass  but  are  not  necessarily  connected.  In  general,  permeable, 
porous  or  pervious  pavements  present  a  lower  albedo  than  the 
impermeable  equivalents,  and  higher  convective  fluxes  to  the 
atmosphere  because  of  their  higher  effective  surface  area 
created  by  the  increased  void  content  [120].  Non-vegetated 
permeable  pavements  include  [122-125,108],  porous  or  rub¬ 
berized  asphalt,  porous  and  pervious  concrete,  permeable 
interlocking  concrete  pavers,  concrete  and  plastic  grid  pavers 
filled  with  gravels  [126],  Vegetated  permeable  pavements 
provide  cooling  through  evapotranspiration.  It  includes  grass 
pavers,  reinforced  turf  and  concrete  grid  pavers  use  lattices  of 
different  types  that  allow  grass  to  grow  in  the  interstices. 

(c)  To  increase  the  thermal  storage  capacity  of  the  surfaces  by 
adding  ingredients  of  high  thermal  capacitance  or  materials  of 
latent  heat  storage.  Common  materials  used  in  pavements 
present  a  high  thermal  capacitance  and  is  quite  difficult  to 
increase  it  further.  However,  addition  of  latent  heat  storage 
materials  in  the  mass  of  the  pavements,  contribute  to  reduce 
surface  temperatures  during  daytime  and  decrease  sensible 
heat  release  to  the  atmosphere. 

(d)  To  use  external  mechanical  systems  in  order  to  reduce  the 
surface  temperature  of  the  paving  materials.  This  includes 
among  other,  circulation  of  a  fluid  in  the  mass  of  the  pavement 
to  remove  the  excess  heat  [127]  and  circulation  of  under¬ 
ground  water  in  the  pavement  mass  [128], 

(e)  Provide  efficient  shading  of  the  paved  areas  using  natural  or 
artificial  solar  control  devices.  Shaded  surfaces  present  a  much 
lower  surface  temperature  as  the  absorbed  direct  solar  radia¬ 
tion  is  seriously  reduced.  Solar  shading  devices  may  be  natural 
like  trees  and  green  pergolas  or  artificial.  Shading  devices 
should  allow  infrared  radiation  emitted  by  the  pavements  to 
escape  in  the  atmosphere  to  promote  radiative  cooling  of  the 
pavements  surface. 

In  the  following  sections  the  state  of  the  art  of  the  previously 
described  types  of  pavements  is  presented. 

4.  Reflective  pavements 

Increasing  the  albedo  of  pavements  helps  to  decrease  their 
surface  temperature  and  reduce  the  amount  of  sensible  heat 
released  to  the  atmosphere.  In  parallel,  it  decreases  the  need  for 
night  lighting  and  increases  the  durability  of  the  pavements  [129]. 
Pavements  consist  mainly  of  aggregates  bounded  by  a  binder. 
Albedo  may  increase  by  either  provide  an  appropriate  surface 
coating,  or  aggregates  of  light  color  or  a  proper  binder  or  a 
combination  of  the  above  [130], 

4.1.  Existing  developments  and  commercial  applications  of  reflective 
pavements 

This  section  describes  initially  in  a  brief  way  the  existing 
commercial  technologies  to  improve  the  albedo  of  pavements 
while  it  put  more  of  the  emphasis  on  new  R+D  developments 
presented  recently. 

Increasing  the  albedo  of  pavements  is  a  common  practice 
applied  by  the  pavements  industry.  There  are  several  techniques 


commercially  available  and  widely  used  to  rise  the  albedo  of 
concrete  and  asphalt  pavements.  In  particular,  in  existing  pave¬ 
ments,  resurfacing  takes  place  by  using  proper  aggregates  and 
binders  which  may  be  mixed  or  not.  When  these  two  components 
are  not  mixed  before  the  application  and  the  binder  is  first  sprayed 
on  the  existing  pavement,  then  the  aggregates  are  placed  on  the 
top  of  it  and  pressed,  the  technique  is  known  as  chip  or  sand  seal. 
Chip  seal  techniques  decrease  the  surface  temperature  of  asphalt 
roads  by  almost  9.0  I<  [131],  When  the  binder  and  the  aggregates 
are  mixed  and  then  applied  on  the  pavement,  the  techniques  are 
known  as  ‘microsurfacing’,  ‘fog  coating’,  ‘overlay’  or  ‘slurry  coat¬ 
ing’,  as  a  function  of  the  binder  and  the  used  aggregate  [130,132]. 

White  topping  of  asphalt  pavements  are  associated  with  the 
use  of  concrete  overlays  placed  on  the  surface  of  the  asphalt.  Given 
that  cement  has  a  much  higher  albedo  than  asphalt  concrete, 
white  topping  contribute  to  decrease  the  surface  temperature  of 
the  asphalt  pavement.  It  is  pointed  out  that  the  albedo  of  new 
concrete  varies  between  0.35  and  0.4,  of  the  old  between  0.2  and 
0.3  while  the  albedo  of  new  asphalt  is  around  0.05-0.1  and 
0.1-0.15  for  aged  asphalt  [133].  White  topping  varies  as  a  function 
of  the  thickness  of  the  overlay.  Conventional  overlays  have  a 
thickness  higher  than  20  cm,  while  thin  and  ultra-thin  wtitetop- 
pings  are  between  10-20  cm  and  5-10  cm  respectively  [134,135], 
Repairing  of  asphalt  pavements  is  also  done  by  using  a  mixture  of 
aggregates  with  an  asphalt  emulsion.  When  polymers  are  used  in 
the  slurry  binders  the  procedure  is  called  ‘microsurfacing’  [131], 
Petroleum  or  tree  based  resin  coatings  are  available  for  resurfacing 
of  asphalt  pavements.  Coloring  additives  together  with  proper 
aggregates  are  also  used  to  increase  the  albedo  of  the  pavements. 
Measurements  reported  by  the  developers  show  a  surface  tem¬ 
perature  decrease  of  about  12  K,  compared  to  weathered  asphalt.  A 
comparative  experimental  testing  of  eight  commercially  available 
technologies  for  improving  the  albedo  of  asphalt  pavements  is 
reported  in  [68].  It  is  found  that  six  of  the  technologies  present  an 
SRI  value  higher  than  0.29  or  greater 

4.2.  Current  research  direction  on  the  field  of  reflective  pavements 

Apart  of  the  commercially  available  reflective  pavements, 
important  research  developments  are  carried  out  and  reported 
aiming  to  develop  high  reflective  pavements.  Five  technological 
approaches  are  developed  and  tested  (Fig.  1).  Table  1  reports  the 
main  characteristics  and  results  of  the  five  main  current  research 
directions.  In  particular: 

(a)  The  use  of  white  high  reflective  paints  on  the  surface  of  the 
pavement.  New  generation  white  paints  of  new  generation 
present  a  very  high  solar  reflectivity  that  in  many  cases 
exceeds  90%  [136].  Use  of  such  paints  could  significantly 
decrease  the  surface  temperature  of  the  pavements  and 
decrease  sensible  heat  released  to  the  atmosphere.  The  use 
of  high  reflective  paints  applied  on  the  surface  or  the  mass  of 
the  pavements  is  studied  and  results  reported  in  [109,137],  In 
both  cases  the  highly  reflective  paints  are  applied  on  the 
surface  of  concrete  pavement  tiles.  Albedos  in  both  cases 
ranged  between  0.8  and  0.9.  Experimental  testing  was  per¬ 
formed  during  hot  summer  conditions  and  comparative 
results  are  reported  against  conventional  white  tiles.  In 
particular,  the  thermal  performance  of  14  highly  reflective 
white  concrete  pavement  materials  covered  with  reflective 
paints  based  on  different  types  of  technologies,  were  com¬ 
paratively  tested  under  hot  summer  conditions  in  [109].  The 
albedo  of  almost  all  tested  materials  was  between  80%  and 
90%.  The  emissivity  of  the  non-aluminum  pigmented  coatings 
was  higher  than  0.8,  while  for  the  aluminum  based  paints  it 
varied  between  0.3  and  0.4.  It  was  found  that  the  use  of  highly 
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reflective  coatings  reduces  the  daily  surface  temperature  of  a 
white  concrete  pavement  under  hot  summer  conditions  by  4  K 
and  by  2  K  during  the  night.  The  specific  tiles  were  warmer 
than  the  ambient  air  by  only  2  I<  during  the  day  and  cooler  by 
5.9  K  during  the  night.  A  clear  correlation  between  the 
emissivity  of  the  materials  and  the  nocturnal  surface  tem¬ 
perature  was  found.  Pavements  covered  with  aluminum  based 
paints  presented  a  higher  surface  temperature  than  the  other 
tiles.  Aging  of  the  used  paints  is  found  to  play  a  very  important 
role  on  the  thermal  performance  of  the  pavements.  It  is 
reported  that  the  acrylic  elastomeric  coatings  was  the  coolest 
coating  during  the  daytime  period  of  the  first  month  of  the 
monitoring  period,  but  became  a  lot  warmer  during  the 
second  and  third  month  of  the  testing.  Highly  reflective 
white  coatings  (p=0.88),  based  on  the  use  of  calcium  hydro¬ 
xide  were  also  prepared  and  tested  against  conventional 
white  pavements  (p=0.76),  under  summer  conditions  [137], 


Fig.  1.  Current  research  priorities  on  the  field  of  reflective  pavements. 


The  infrared  emittance  of  the  material  was  close  to  0.85.  Such 
a  coating  is  inexpensive,  environmentally  friendly,  permits 
the  air  to  pass  through  while  it  presents  high  dirt  pick  up 
resistance.  The  main  disadvantage  of  the  materials  is  the  effect 
of  chalking.  To  face  the  problem,  an  acryl  binder  was  used.  It  is 
reported  that  during  the  daytime  the  prototype  reflective 
materials  have  lower  surface  temperatures  ranging  between 
1  and  5  K,  while  during  the  night  the  difference  was  close  to  1  K. 
(b)  Use  of  Infrared  reflective  colored  paints  on  the  surface  of  the 
pavement.  When  nonwhite  pavement  materials  have  to  be 
employed,  infrared  reflective  pigments  may  be  used  to 
increase  their  global  albedo  [136].  Such  a  pavement  surface 
of  any  color,  may  reflect  strongly  in  the  near  infrared  part  and 
thus  present  a  much  higher  solar  reflectivity  than  a  conven¬ 
tional  material  of  the  same  color  [138,139].  Infrared  reflective 
paints  are  used  to  modify  the  surface  albedo  of  colored 
concrete  and  asphalt  pavements  by  five  research  groups 
[102,140-143].  Infrared  reflective  paints  were  applied  directly 
on  the  surface  of  concrete  pavements  in  [136],  In  [142,143],  IR 
reflective  paints  were  applied  on  the  surface  of  asphalt 
together  with  hollow  ceramic  spheres  to  reduce  the  conduc¬ 
tivity  of  the  pavement.  In  [102],  thin  reflective  asphaltic  layers 
of  different  colors  developed  using  infrared  reflective  pig¬ 
ments  were  applied  on  conventional  ashalt  pavements.  In 
[140],  ten  prototype  cool  colored  pavement  materials  using 
infrared  reflective  pigments  were  tested  against  conventional 
materials  of  the  same  color,  under  hot  summer  conditions.  As 
reported,  the  reflective  black  material  presented  an  albedo 
close  to  0.27  and  had  a  mean  daily  surface  temperature  almost 
10  K  lower,  compared  to  the  standard  black,  p=0.05.  In 
parallel,  the  reflective  blue  had  an  albedo  close  to  0.33  and 
almost  4.5  K  lower  mean  surface  temperature  compared  to  the 
conventional  blue  having  a  reflectivity  of  0.18.  In  general,  an 
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Description  of  the  existing  technological  trends  on  the  field  of  reflective  pavements. 
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Description  of  the 
technology  to  Increase 
the  Albedo 

Technological  details 

Type  of 
pavement 

Final  albedo 
achieved 

Thermal  benefits 

Reference 

Use  of  white  high 
reflective  paints  on  the 
surface  of  the 

Use  of  14  high  reflectivity  white  paints  placed 
on  the  surface  of  concrete  tiles 

Concrete 

0.80-0.90 

Reduce  of  the  daily  surface  temperature  of  a  white 
concrete  pavement  under  hot  summer  conditions 
by  4  K  and  by  2  K  during  the  night 

[109] 

pavement 

High  reflectivity  white  paints  based  on  the  use 
of  calcium  hydroxide  placed  on  the  surface  of 
concrete  tiles 

Concrete 

0.76 

Reduce  of  the  daily  surface  temperature  under  hot 
summer  conditions  by  1-5  K  and  by  1  I<  during  the 
night  compared  to  a  same  color  concrete  pavement 

[139] 

Use  of  Infrared 
reflective  colored 
paints  on  the  surface  of 

Use  of  ten  infrared  reflective  paints  of  different 
color  placed  on  the  surface  of  concrete  tiles 

Concrete 

0.27-0.70 

Reduce  of  the  daily  surface  temperature  under  hot 
summer  conditions  by  2-10  K  compared  to  a  same 
color  concrete  pavement 

[143,144] 

the  pavement 

Use  of  a  dark  infrared  reflective  paint  placed 
on  the  surface  of  asphalt  together  with  hollow 
ceramic  particles  on  the  mass  of  the  pavement 

Asphalt 

0.46 

Reduce  of  the  daily  surface  temperature  by  5  K 
compared  to  a  same  color  concrete 

[145] 

Use  of  a  dark  infrared  reflective  paint  placed 
on  surface  of  asphalt  together  with  hollow 
ceramic  particles 

Asphalt 

0.50 

Reduce  of  the  daily  surface  temperature  of  the 
pavement  by  8-15  K  and  by  2  K  during  the  night 
compared  to  conventional  asphalt 

[150] 

Five  thin  reflective  layers  of  different  colors 
using  infrared  reflective  pigments  for  asphaltic 
pavements 

Asphalt 

0.27-0.55 

Reduce  of  the  daily  surface  temperature  of  the 
pavement  by  16-24  K  and  by  2  K  during  the  night, 
compared  to  conventional  asphalt 

[102] 

Use  of  heat  reflecting 
paint  to  cover 
aggregates  of  the 

Use  of  a  reflecting  paint  to  cover  all  aggregates 
of  the  asphalt 

Asphalt 

0.46-0.57 

Reduce  of  the  daily  surface  temperature  of  the 
pavement  by  10.2-18.8  K,  compared  to 
conventional  asphalt 

[148] 

asphalt 

Use  of  a  reflecting  paint  to  cover  the  surface 
aggregates  of  the  asphalt 

Asphalt 

0.25-0.6 

Reduce  of  the  daily  surface  temperature  of  the 
pavement  by  6.8-20  K,  compared  to  conventional 
asphalt 

[149] 

Use  of  color  changing 
paints  on  the  surface  of 
the  pavement 

Use  of  eleven  thermochromic  colors  applied 
on  the  surface  of  concrete  pavements 

Concrete 

Colored: 

0.51-0.78 

Colorless: 

0.71-0.81 

Reduce  of  the  daily  surface  temperature  of  the 
pavement  by  5.4-10  K,  compared  to  conventional 
pavements 

[34] 

Use  of  fly  ash  and  slag 
as  constituents  of  the 
concrete 

When  70%  of  slag  is  used  as  cement 
replacement  the  mix  presented  an 
increased  albedo 

Concrete 

0.58 

Not  available 

[147] 
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almost  linear  relation  was  found  between  the  mean  surface 
temperature  and  the  albedo  of  the  materials.  Much  lower 
surface  temperatures  were  measured  also  during  the  night¬ 
time.  Similar  results  are  reported  in  [144]. 

The  experimental  testing  of  a  commercially  available  pave¬ 
ment  based  on  dark,  low  reflective  color  pigments  mixed  with 
infrared  reflective  pigments  and  fine  hollow  ceramic  particles 
is  reported  in  [142],  The  experiment  has  taken  place  in 
Singapore.  The  albedo  of  the  pavement  was  close  to  0.46 
and  the  emissivity  0.83  while  the  reflectivity  in  the  near 
infrared  was  0.81.  It  was  found  that  the  specific  pavement 
presented  up  to  5  I<  lower  surface  temperature  compared  to 
conventional  concrete  pavements. 

The  use  of  colored  reflective  pavements,  based  on  the  use  of 
inorganic  infrared  reflective  pigments,  is  already  commercia¬ 
lized  in  the  United  States.  The  albedo  of  the  proposed  pave¬ 
ments  is  around  0.45-0.55  [145-147].  As  reported,  the  use  of 
the  pavements  reduces  surface  temperatures  by  11-22  K. 

Thin  layer  asphalt  pavements  are  developed  by  mixing  color¬ 
less  elastomeric  asphalt  binders  with  infrared  reflective  pig¬ 
ments  and  aggregates  of  special  characteristics  [102].  Five 
samples  (green,  red,  yellow,  beige  and  off  white),  were 
developed  and  tested  under  hot  summer  conditions  against 
samples  of  conventional  asphalt.  The  albedo  of  the  thin 
asphalt  layers  ranges  between  27%  for  the  red  and  green 
samples  and  55%  for  the  off  white  sample.  The  reflectance  of 
the  conventional  asphalt  was  measured  around  4%.  All  sam¬ 
ples  presented  a  high  absorptance  in  the  UV  range,  while  their 
reflectance  in  the  infrared  was  high  and  between  39%  and  56%. 
Thermal  monitoring  of  the  samples  has  shown  that  during  the 
day  all  samples  demonstrated  a  surface  temperature  that  was 
higher  than  the  ambient  one,  while  during  the  nighttime  the 
air  temperature  was  always  higher  than  that  of  the  asphalt 
samples,  mainly  because  of  the  high  emissivity  of  the  materi¬ 
als.  The  average  daytime  surface  temperature  of  the  samples 
ranged  from  36  °C  for  the  off  white  sample  to  43.6  °C  for  the 
red  one.  The  corresponding  surface  temperature  of  the  con¬ 
ventional  asphalt  was  close  to  60  C.  The  nighttime  surface 
temperature  of  all  the  developed  samples  was  almost  1-2  K 
lower  than  that  of  the  conventional  asphalt.  Using  CFD 
simulation  techniques,  it  was  estimated  that  the  possible  use 
of  the  specific  asphalt  pavements  applied  to  roads  may  reduce 
the  ambient  temperature  up  to  5  K  under  low  wind  speed 
conditions. 

(c)  Use  of  heat  reflecting  paint  to  cover  aggregates  of  the  asphalt. 
The  use  of  IR  reflective  paints  to  cover  the  aggregates  used  in 
asphaltic  pavements  is  proposed  and  tested  in  [148,149].  In 
particular,  the  development  and  testing  of  four  types  of  high 
albedo  asphalt  pavements  is  reported  in  [148].  The  pavements 
are  made  using  a  heat  reflecting  paint  that  has  coated  each 
piece  of  aggregate,  while  in  conventional  reflective  asphalt 
pavements  the  paint  is  applied  only  in  the  surface.  The  albedo 
of  the  pavements  varied  between  0.46  and  0.57.  Monitoring 
showed  that  the  developed  pavements  present  a  much  lower 
surface  temperature  than  a  conventional  drainage  pavement, 
while  temperature  differences  varied  between  10.2  and  18.8  K. 
In  parallel,  a  similar  technology  to  prepare  high  albedo  coat¬ 
ings  for  asphalt  pavements  was  proposed  and  tested  in  [149]. 
The  experiment  taken  place  in  Japan,  during  the  summer 
period.  It  is  reported  that  when  the  albedo  of  the  pavement 
increased  to  0.25  its  surface  temperature  was  almost  6.8  K 
lower  than  that  of  the  conventional  asphalt,  while  when  the 
albedo  increased  to  0.6  the  corresponding  surface  tempera¬ 
ture  decrease  was  close  to  20  K.  In  a  general  way,  it  is  found 
that  when  the  albedo  value  increased  by  0.1  the  corresponding 
decrease  of  the  surface  temperature  was  close  to  2.5  K. 


(d)  Use  of  color  changing  paints  on  the  surface  of  the  pavement. 
Color  changing  coatings  to  be  applied  on  pavements  were 
proposed  by  several  authors  [34,36,37],  In  particular  thermo- 
chromic  coatings  are  able  to  respond  thermally  to  the  envir¬ 
onment  and  change  reversibly  their  color  and  reflectivity 
from  lower  to  higher  values,  as  temperature  rises.  Such  type 
of  pavements  were  developed  and  their  thermal  performance 
was  tested  [34],  in  comparison  to  highly  reflective  and 
common  coatings.  Eleven  tiles  of  different  color  were  devel¬ 
oped  and  tested  under  hot  summer  conditions.  The  pavement 
coatings  were  developed  using  organic  thermochromic 
pigments  together  with  an  appropriate  pigment  and  other 
stabilizing  components.  The  infrared  emittance  was  very 
similar  for  all  the  tested  pavements.  Monitoring  of  their 
surface  temperature  has  shown  that  the  daily  mean  surface 
temperature  of  the  thermochromic  coatings  range  from  31.0  to 
38.4  C,  from  34.4  to  45.2  °C  for  the  infrared  reflecting  cool 
coatings  and  36.4-48.5  °C  for  the  common  coatings.  In  all 
cases,  the  mean  daily  surface  temperature  of  the  thermo¬ 
chromic  pavements  was  lower  than  that  based  on  the  use  of 
infrared  reflecting  pigments  and  the  common  coatings.  The 
nocturnal  temperature  of  the  three  types  of  tested  coatings 
was  almost  similar.  Measurements  of  the  spectral  reflectivity 
of  the  thermochromic  coatings,  have  shown  that  their  max¬ 
imum  albedo  increase  from  colored  to  colorless  phase  was 
43%.  The  major  problem  of  the  thermochromic  coating  has  to 
do  with  the  rapid  loss  of  their  optical  characteristics.  Impor¬ 
tant  research  has  been  carried  out  to  face  the  problem  of 
ageing  and  the  obtained  results  are  very  promising. 

(e)  Use  of  fly  ash  and  slag  as  constituents  of  the  concrete.  The 
development  of  concrete  surfaces  presenting  a  higher  albedo 
value  is  presented  in  [148].  In  particular  fly  ash  and  slag  are 
used  as  constituents  for  the  preparation  of  the  concrete.  It  is 
reported  that  when  70%  of  slag  is  used  as  cement  replacement 
the  mix  presented  an  albedo  of  0.582  which  is  71%  than  the 
albedo  of  the  conventional  mix.  Although  the  results  are  quite 
important,  developments  on  this  field  are  limited  and  may  not 
be  considered  as  a  strong  research  direction. 


4.3.  Studies  on  the  climatic  potential  of  reflective  pavements 

The  climatic  potential  of  an  increased  urban  albedo  to  fight 
heat  island  and  decrease  the  temperature  of  the  cities  is  investi¬ 
gated  for  several  US  cities.  A  review  of  the  existing  studies  is  given 
in  [105],  while  the  main  characteristics  and  results  are  summar¬ 
ized  in  Table  2. 

Almost  all  existing  studies  assume  a  global  increase  of  the 
urban  albedo  considering  different  assumptions  for  the  reflectivity 
of  the  pavements,  roofs  and  walls.  Almost  all  studies  were  per¬ 
formed  using  mesoscale  simulation  models  and  results  refer  to  the 
combined  impact  of  all  considered  options  regarding  the  increase 
of  the  urban  albedo. 

Among  the  studies  previously  mentioned,  three  out  of  them 
have  considered  a  specific  scenario  for  pavements.  In  particular,  a 
simulation  study  performed  for  Los  Angeles  [150],  has  considered 
that  the  albedo  of  pavements  and  roofs  increases  from  0.05  to 
0.25,  and  from  0.15  to  0.25,  respectively.  It  was  calculated  that  the 
peak  ambient  temperature  in  the  city  may  decrease  by  1.5  K.  A 
second  study  [151],  carried  out  for  various  US  cities,  has  consid¬ 
ered  that  the  albedo  of  pavements  and  roofs  may  increase  by  0.15 
and  0.25,  respectively.  It  was  calculated  that  the  average  expected 
decrease  of  the  mean  ambient  temperature  may  range  from  0.11  to 
0.53  I<,  as  a  function  of  the  characteristics  of  the  various  cities 
considered.  Finally,  a  third  numerical  study  carried  out  in  Huston 
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Table  2 

Characteristics  of  the  existing  studies  on  the  thermal  impact  of  a  possible  increase  of  urban  albedo. 


Ref. 

City/country 

Initial  albedo 

Final  albedo 

Reduction  of  maximum  ambient 
temperature  (K) 

[154] 

Fresno,  USA 

Increase  of  albedo  of  the  city  because  of  cool 
pavements  by  0.02 

Reduction  of  the  average  ambient 
temperature  by  0.2  K 

[154] 

Fresno,  USA 

Increase  of  albedo  of  of  the  city  because  of  cool 
pavements  by  0.09 

Reduction  of  the  average  ambient 
temperature  by  0.8  K 

[75] 

Tokyo,  Japan 

Increase  of  the  albedo  by  using  cool  pavements 

Reduction  of  the  average  ambient 
temperature  by  0.15  K 

[203] 

Antlanta/USA 

0.15 

0.30 

Negligible 

[203] 

Atlanta/USA 

0.15 

0.45 

2.5  K 

[204] 

Various  Californian  Cities 

0.117-0.152 

0.18-0.252 

1.0  K 

[204] 

Various  Californian  Cities 

0.117-0.152 

0.199-0.374 

2.0  I< 

[205] 

Los  Angeles,  USA 

0.13 

0.26 

3.0  K 

[153] 

Huston,  USA 

0.08  for  pavements  0.1  for  roofs 
0.25  for  walls 

0.2  for  pavements 

0.3  for  roofs 

0.3  for  walls 

0.5  K 

[206] 

New  York,  USA 

0.15 

0.5 

0.5  K 

[151] 

Los  Angeles,  USA 

0.05  for  pavements  0.15  for  roofs 

0.3  for  pavements 

0.5  for  roofs 

1.5  K 

[152] 

Various  US  cities 

Increase  of  albedo  of  pavements  by  0.15  and 
of  roofs  by  0.25 

Decrease  of  the  average  ambient 
temperature  by  0.11-0.53  K 

[207] 

Philadelphia,  US 

Increase  of  the  global  albedo  by  0.1 

Decrease  of  the  average  ambient 
temperature  by  0.3-0.5 1< 

[152],  has  assumed  that  the  albedo  of  roofs,  walls  and  pavements 
increased  from  0.1,  0.25  and  0.08  to  0.3,  0.3  and  0.2,  respectively.  It 
is  reported  that  the  average  decrease  of  the  ambient  temperature 
ranges  between  0.3  and  0.4  K,  while  the  possible  reduction  of  the 
peak  ambient  temperature  may  rise  up  to  3.5  K.  Analysis  of  all 
existing  data  correlating  the  increase  of  the  urban  albedo  against 
the  potential  decrease  of  the  average  ambient  temperature,  has 
shown  that  an  albedo  change  of  0.1  in  urban  areas  decreases  the 
average  ambient  temperature  by  0.3  K  [47]. 

Few  studies  are  available  aiming  to  investigate  separately  the 
impact  of  cool  pavements  on  the  ambient  temperature.  In  [153], 
the  impact  of  various  cool  pavement  technologies  was  evaluated 
for  Fresno,  USA.  Two  scenarios  were  investigated  using  the  MIST 
software  tool  [154].  The  so  called  realistic  scenario  considered  that 
the  city's  albedo  may  increase  by  0.02  because  of  the  use  of  cool 
pavements.  The  considered  strategies  involved  the  use  of  micro- 
surfacing  or  white  topping,  chip  seals,  and  high  albedo  paints. 
It  is  calculated  that  such  an  application  may  reduce  the  average 
ambient  temperature  of  the  city  by  0.2  K.  In  parallel,  the  so  called 
maximum  scenario  considered  an  increase  of  the  city’s  albedo  by 
0.09  solely  due  to  cool  pavements.  The  same  as  above  technologies 
were  considered,  but  for  a  larger  part  of  the  city's  pavement.  It  is 
calculated  that  such  a  scenario  may  decrease  the  average  tem¬ 
perature  of  the  city  by  0.8  K.  Another  similar  study  for  Tokyo, 
Japan,  is  reported  in  [75].  It  is  calculated  that  when  cool  pave¬ 
ments  are  considered  for  the  central  area  of  Tokyo,  (16  km2),  the 
average  ambient  temperature  may  decrease  by  0.15  K,  while  in 
certain  areas  the  temperature  reduction  may  rise  up  to  0.6  K. 


4.4.  Real  applications  and  performance  of  reflective  pavements 

In  parallel  to  the  global  studies  aiming  to  investigate  the 
potential  of  high  albedo  materials  in  cities,  several  smaller  scale 
projects  were  carried  out  to  optimize  the  rehabilitation  of  specific 
urban  zones  or  design  new  urban  areas.  The  characteristics  of 
these  small  scale  projects  are  presented  in  Table  3. 

The  study  and  the  application  of  cool  pavements  in  a  dense 
urban  area  in  Maroussi,  Athens  is  described  in  [70].  The  project 
dealt  with  the  rehabilitation  of  a  zone  of  16,000  m2,  using  new 
high  reflectivity  pavements,  green  spaces  and  earth  to  air  heat 


exchangers.  The  existing  paving  surfaces  consisted  of  black  asphalt 
for  roads  and  dark  concrete  tiles  for  pavements  with  albedo  lower 
than  0.4.  The  area  was  extensively  monitored  and  it  was  found 
that  existing  comfort  conditions  were  not  at  the  acceptable  levels 
because  of  the  high  ambient  and  surface  temperatures.  All  con¬ 
ventional  asphalt  was  replaced  by  colored  asphaltic  material 
presenting  a  reflectivity  close  to  0.35  [102],  while  for  the  open 
spaces  and  pavements  natural  reflective  materials,  marbles,  and 
concrete  pavements  colored  with  high  reflectivity  paints  were 
used.  The  reflectivity  of  the  marbles  was  0.7  while  the  initial 
reflectivity  of  the  colored  concrete  pavements  was  0.78.  Detailed 
CFD  simulations  were  performed  to  evaluate  the  climatic  potential 
of  the  employed  bioclimatic  techniques.  It  was  calculated  that  the 
replacement  of  cool  pavements  may  decrease  the  peak  ambient 
temperature  in  the  area  by  1.2-2.0  K  while  the  overall  temperature 
decrease  because  of  the  application  of  all  measures  may  rise  up  to 
3.4  K.  The  project  is  actually  under  construction. 

The  use  of  cool  pavements  as  part  of  a  global  bioclimatic 
rehabilitation  of  the  public  open  spaces  in  Tirana,  Albania  is 
described  in  [72].  The  surface  of  the  rehabilitated  urban  area  was 
close  to  25,000  m2.  The  overall  design  apart  from  the  use  of 
reflective  pavements,  involved  the  use  of  additional  green  spaces, 
solar  control  pergolas  and  extensive  use  of  earth  to  air  heat 
exchangers  to  provide  cool  air.  The  existing  pavements  were  quite 
dark  concrete  or  stone  tiles  installed  in  most  of  the  open  spaces. 
The  albedo  of  the  existing  pavements  was  lower  than  0.15-0.2. 
Monitoring  of  the  area  has  shown  that  it  was  characterized  by  high 
ambient  and  surface  temperatures  during  the  summer  period 
while  comfort  conditions  were  not  of  acceptable  level.  Pavement 
materials  were  replaced  by  new  ones  made  of  concrete  and 
colored  with  infrared  reflective  paints.  The  albedo  of  the  proposed 
tiles  varied  between  0.65  and  0.75  as  a  function  of  the  tile’s  color. 
The  climatic  impact  of  the  proposed  mitigation  measures  was 
evaluated  using  advanced  simulation  techniques.  It  was  estimated 
that  the  use  of  the  proposed  cool  pavements  contributes  to 
decrease  the  peak  ambient  temperature  by  2.1  K  while  the  full 
depression  of  the  peak  ambient  temperature  because  of  all  the 
proposed  measures  was  close  to  3  K.  The  project  is  actually  under 
construction. 

The  bioclimatic  rehabilitation  of  a  highly  populated  area  in  the 
central  zone  of  Athens,  Greece  is  described  in  [69],  The  project 
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Table  3 

Existing  projects  where  reflective  pavements  are  applied. 


Reference 

City/country 

Type  of  existing  pavement 

Type  of  new  pavement 

Surface  of 
the  area 

Results 

[70] 

Maroussi, 

Athens,  Greece 

Black  asphalt  and  concrete  pavements 
with  albedo  lower  than  0,4 

Cool  Asphalt  in  Roads  with  albedo  close 
to  0.35.  Natural  Reflective  materials  for 
pavements,  (marble),  with  albedo  0.7. 
Concrete  pavements  colored  with 
infrared  reflective  cool  paints  with 
albedo  0.78. 

16,000  m2 

Replacement  of  pavements  decreases 
the  average  peak  ambient  temperature 
by  1. 2-2.0  K. 

[72] 

Tirana/Albania 

Black  asphalt  and  dark  concrete 
pavements  with  albedo  lower  than  0.2 

Concrete  pavements  colored  with 
infrared  reflective  cool  paints  with 
albedo  between  0.65-0.75  depending  on 
the  color 

25,000  m2 

Replacement  of  pavements  decreases 
the  average  peak  ambient  temperature 
by  2.1  K 

[69[ 

Athens/Greece 

Concrete  tiles  initially  of  white  color, 
(initial  albedo=0.45).  Black  asphalt  on 
roads 

Use  of  photocatalytic  asphalt  on  the 
roads.  Concrete  pavements  colored  with 
infrared  reflective  cool  paints  with 
albedo  0.68. 

4160  m2 

Replacement  of  pavements  decreases 
the  average  peak  ambient  temperature 
by  1.6  K.  Decrease  of  the  surface 
temperature  of  the  pavements  close  to 
4.5  K. 

171] 

Faliron/Athens/ 

Greece 

Asphalt  concrete  and  dark  paving 
materials.  The  albedo  of  the  paved 
surfaces  was  between  0.35  and  0.45 
while  in  areas  covered  by  concrete  and 
asphalt  the  albedo  was  lower  than  0.2 

Concrete  pavements  colored  with 
infrared  reflective  cool  paints  with 
albedo  0.60. 

4500  m2 

The  use  of  cool  paving  materials 
reduces  the  peak  ambient  temperature 
during  a  typical  summer  day,  by  up  to 

1.9  K.  The  surface  temperature  in  the 
park  was  decreased  by  12  K. 

[76] 

Putrajaya, 

Malaysia 

Not  mentioned 

Paving  materials  with  albedo  equal  to  0.8 

420,000  m2 

The  global  reduction  of  the 
temperature  because  of  the 
implementation  of  trees  and  cool 
paving  is  1.5  K.  It  seems  that  the 
contribution  of  cool  pavements  is  close 
to  0.1  K. 

[208] 

St  Thomas 
Square,  Athens/ 
Greece 

Dark  concrete  pavements 

Concrete  tiles  colored  with  infrared 
reflective  cool  paints  with  albedo  0.60. 

12,500  m2 

Not  monitored 

[208] 

Faneromenis  Av, 
Holargos, 

Greece 

Dark  concrete  pavements 

Photocatalytic  concrete  tiles  colored  with 
infrared  reflective  cool  paints  with 
albedo  0.60. 

5000  m2 

Not  monitored 

[208] 

Kostantopoulou 
Av,  Kesariani, 
Greece 

Dark  concrete  pavements 

Concrete  tiles  colored  with  infrared 
reflective  cool  paints  with  albedo  0.50. 

10,000  m2 

Not  monitored 

[208] 

Ilion,  Greece 

Dark  concrete  pavements 

Concrete  tiles  colored  with  infrared 
reflective  cool  paints  with  albedo  0.50. 

2500  m2 

Not  monitored 

covers  an  area  of  4160  m2  and  involves  the  use  of  cool  pavements 
for  streets  and  other  open  zones,  additional  greening,  shading  of 
open  spaces  and  the  use  of  earth  to  air  heat  exchangers.  The 
existing  pavements  were  black  asphalt  on  the  roads  and  white 
concrete  tiles  having  an  initial  albedo  of  0.45  in  the  rest  of  the 
open  zones.  Because  of  the  use,  the  albedo  of  the  tiles  was 
decreased  substantially.  Monitoring  of  the  area  has  taken  place 
and  it  was  concluded  that  ambient  and  surface  temperatures  were 
quite  high  while  the  use  of  proper  mitigation  techniques  could 
substantially  improve  the  environmental  quality  of  the  area.  The 
overall  bioclimatic  rehabilitation  plan  involved  the  use  of  photo- 
catalytic  asphalt  in  the  streets,  the  use  of  concrete  tiles  colored 
with  infrared  reflective  paints,  additional  shading  and  green  areas 
and  use  of  earth  to  air  heat  exchangers.  Simulation  of  the  existing 
and  the  proposed  situation  under  the  average  peak  summer 
conditions  has  shown  that  the  use  of  the  cool  pavements  may 
decrease  the  average  peak  summer  ambient  temperature  by  1.6  K 
while  the  average  surface  temperature  of  the  pavements  may 
decrease  up  to  4.5  I<  during  the  summer  period. 

The  rehabilitation  of  an  urban  park  in  the  major  area  of  Athens, 
Greece,  is  described  in  [71  ].  The  project  is  situated  next  to  the  cost 
and  covers  a  total  area  of  4500  m2.  Before  the  rehabilitation  the 
park  was  composed  by  asphalt,  concrete  and  dark  paving  materi¬ 
als.  The  albedo  of  the  paved  surfaces  was  between  0.35  and  0.45 
while  in  areas  covered  by  concrete  and  asphalt  the  albedo  was 
lower  than  0.2.  The  area  was  monitored  during  the  summer  period 
and  both  ambient  and  surface  temperatures  found  to  be  quite  high 
and  out  of  the  acceptable  comfort  conditions.  The  rehabilitation 
plan  of  the  project  involved  the  excessive  use  of  cool  pavements 


together  with  the  addition  of  green  spaces.  Concrete  pavements 
colored  with  infrared  reflective  cool  paints  with  albedo  0.60  were 
installed  in  the  park  area.  The  project  has  been  extensively 
monitored  after  the  end  of  the  constructions  and  by  using  a 
combination  of  measurements  and  simulations,  it  was  found  that 
the  achieved  reduction  of  the  average  peak  ambient  temperature 
was  close  to  1.9  K,  while  the  peak  surface  temperature  in  the  area 
has  been  reduced  by  12  K. 

The  results  of  a  study  aiming  to  investigate  the  mitigation 
potential  of  green  spaces  and  cool  pavements  in  Putrijaya,  Malaysia 
is  described  in  [76].  The  study  covers  an  area  of  420,000  m2  and 
considers  that  existing  paving  materials  will  be  replaced  by  new 
ones  having  an  albedo  equal  to  0.8.  Simulations  have  been  per¬ 
formed  and  it  is  found  that  both  mitigation  techniques  contribute  to 
decrease  the  ambient  temperature  by  1.5  K.  From  the  given  results,  it 
can  be  concluded  in  an  indirect  way  that  the  contribution  of  cool 
pavements  was  close  to  0.1  K. 

The  application  of  cool  concrete  pavements  in  four  large 
rehabilitation  projects  in  Athens,  Greece  is  reported  in  [155].  In 
all  cases,  concrete  pavements  colored  with  infrared  reflective  cool 
paints  with  albedo’s  between  0.50  and  0.60  were  installed.  The 
projects  are  not  monitored  and  performance  results  are  not 
available. 

Reflective  pavements  present  important  advantages  as  reduce 
the  surface  temperature  and  the  sensible  heat  flux  to  the  atmo¬ 
sphere  contributing  to  a  more  effective  mitigation  of  urban 
heat  island.  Given  that  the  reported  results  are  performed  under 
completely  different  climatic  and  operational  conditions,  it  is 
impossible  to  perform  any  type  of  performance  comparison. 
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As  it  concerns  possible  disadvantages  of  reflective  pavements  it 
should  be  mentioned  that  the  reflected  solar  radiation  may  affect 
the  thermal  balance  of  pedestrians.  The  thermal  sensation  of 
human  beings  over  reflective  pavements  is  studied  and  analyzed 
in  [156,157],  It  is  concluded  that  the  increased  radiation  field 
creates  some  thermal  comfort  problems  compared  to  the  conven¬ 
tional  pavements.  As  reported,  the  increase  of  the  radiation  flux  of 
short  wave  radiation  was  almost  the  double  than  the  reduction 
of  the  infrared  radiation  emitted  by  the  surface  caused  by  the 
decreased  surface  temperature. 


5.  Permeable  pavements 

Permeable  and  water  retentive  pavements  generally  include 
additional  voids  than  conventional  pavements  in  order  to  allow 
water  to  flow  through  into  the  sub-layers  and  the  ground  while 
may  include  water  holding  fillers  to  store  water.  Evaporation  of  the 
water  helps  to  reduce  the  surface  temperature  of  the  pavements 
and  contribute  to  the  mitigation  of  the  urban  heat  island  while  the 
risk  of  flooding  is  reduced.  According  to  Takahashi  Katsunori  and 
Yabuta  Kazuya  [158],  three  are  the  performance  criteria  for  water 
retentive  pavements:  (a)  the  ability  to  decrease  its  surface  tem¬ 
perature  under  fine  weather,  (b)  sustainability  to  suppress  the 
temperature  rise  after  rainfalls  and  (c)  maximum  durability  and 
minimum  decrease  of  its  performance  over  time. 


5.1.  Existing  development  and  commercial  applications  of  water 
retentive  pavements 

Permeable  and  water  retention  pavements  can  be  vegetated  or 
not.  An  extensive  presentation  of  water  retentive  pavements  is 
given  in  [159].  A  review  of  the  main  advantages  and  disadvantages 
of  permeable  pavements  is  given  in  [160]. 

Porous  asphaltic  pavements  consists  of  fine  and  course  stone 
aggregates  bound  by  a  bituminous-based  binder  and  is  mainly 
used  to  reduce  storm  water  problems,  reduce  noise  and  also  to 
mitigate  when  possible  heat  island  from  parking  and  other  low 
traffic  urban  areas.  Porous  asphalt  is  a  bituminous  material  bind 
together  with  aggregates  and  achieves  its  porosity  by  eliminating 
the  fine  particles  from  the  mixture.  It  is  composed  by  a  top  filter 
course  which  should  be  at  minimum  5  cm  thick  and  contain 
crushed  aggregates  of  stone  of  1.3  cm,  a  filter  course,  a  storage 
course,  geotextile  filter  fabric  and  the  existing  soil  which  should  be 
permeable  to  the  water  [161,162].  According  to  Miklas  Scholz_and 
Piotr  Grabowiecki  [160],  the  porous  asphalt  should  be  composed 
by  open  graded  asphalt  concrete  with  void  spaces  close  18%.  The 
reflectivity  of  porous  asphalt  depends  on  the  reflectivity  of  the 
individual  materials  used.  In  general  the  solar  reflectance  of 
porous  pavements  is  lower  than  the  reflectance  of  the  equivalent 
non-porous  solution.  Evaporation  in  non-vegetated  permeable  and 
water  retention  pavements  is  highly  influenced  by  the  distribution 
of  the  particle  size  of  the  bedding  material  and  by  the  retention  of 
water  in  the  blocks  of  the  surface,  [157,163]. 

Permeable  concrete  is  produced  using  cement  and  cement 
supplementary  materials  like  fly  ash,  ground  blast  furnace  slag, 
pozzolans  or  silica  fumes,  aggregates  and  water.  Porosity  is 
achieved  through  three  types  of  pores:  Pores  in  the  cement  past, 
aggregate  voids  and  air  voids.  The  latter  are  the  more  important 
concerning  the  water  permeability  [158].  The  final  permeability  of 
pervious  concrete  is  mainly  defined  by  the  type  of  the  binder  used, 
the  type  of  aggregate,  the  combination  of  the  mix  and  the 
compaction  and  finally  by  the  aggregate  grading  [164-170],  Values 
of  water  permeability  typically  vary  between  20  and  40  mm/s, 
however  smaller  and  higher  values  are  reported  [168,170,171]. 


Vegetative  pavements  consist  mainly  of  interlocking  units  filled 
with  grass  and  soil  and  planted  at  the  top  with  grass.  Such  a 
pavement  is  permeable  and  allows  water  to  flow  through.  Cooling 
of  the  surface  is  achieved  by  evaporation.  Several  studies  have 
shown  that  the  surface  temperature  of  grass  is  quite  lower  than 
many  other  materials  used  for  pavements  [172-174].  Many  indus¬ 
trial  products  presenting  an  increased  durability  of  the  pavements 
are  available. 


5.2.  Current  research  direction  on  the  field  of  permeable  and  water 
retensive  pavements 

Important  research  has  been  carried  out  to  improve  the 
thermal  performance  of  permeable  and  water  retentive  pave¬ 
ments.  Six  technological  approaches  are  developed  and  tested 
(Fig.  2)  for  asphalt,  concrete  and  ceramic  pavements.  Table  4 
reports  the  main  characteristics  and  results  of  the  six  main  current 
research  directions.  In  particular: 

(a)  Use  of  water  holding  fillers  made  of  steel  by  products  as  an 
additive  to  porous  asphalt:  In  [175],  a  new  water  holding 
pavement  consisted  of  water  holding  fillers  made  of  steel  by 
products  and  integrated  in  porous  asphalt  is  presented  and 
tested  both  experimentally  and  theoretically  against  porous 
asphalt  used  in  permeable  pavements  with  a  porosity  equal  to 
0.3.  It  is  reported  that  the  average  surface  temperature  of  the 
water  holding  pavement  was  0.6  K  lower  than  that  of  the 
infiltration  porous  asphalt,  while  the  air  temperature  above 
the  water  holding  pavement  was  almost  0.5  K  lower  than 
above  the  conventional  porous  asphalt.  The  sudden  decrease 
of  the  surface  temperature  of  the  conventional  porous  asphalt 
was  higher  than  that  of  the  water  holding  pavement,  however 
the  evaporation  and  the  cooling  effect  in  the  later  continue  for 
longer  than  the  conventional  porous  pavement  presenting  a 
maximum  of  about  3  days. 

(b)  Use  of  fine  blast-furnace  powder  in  water  retentive  asphalt. 
The  development  and  testing  of  a  water  retentive  pavement 
material  for  roads  using  fine  blast-furnace  powder  is 
described  in  [158].  The  fine  blast  furnace  powder  is  an 
admixture  used  in  cement  and  like  and  is  generated  by  the 
blast  furnace  process.  The  material  was  tested  experimentally 
under  real  conditions  in  roads  for  long  periods  and  it  is  shown 
that  the  water  absorbing  properties  of  the  material  present 
only  a  small  change  after  accelerated  curing,  while  as  it 
concerns  its  thermal  performance  it  is  reported  that  during 
the  third  year  of  its  operation,  its  surface  temperature  was 
even  14  K  lower  that  of  a  dense  graded  asphalt  pavement. 


.  Use  of  water  holding  fillers  made  of  steel  by  products  as  an 
A  J  additive  to  porous  asphalt 

,  Use  of  fine  blast-furnace  powder  in  water  retentive 
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O  _ 
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Use  of  bottom  ash  and  peat  moss  as  additives  in 
pervious  concrete 


.  Use  of  fly  ash  with  very  narrow  particle  size  distribution  in 
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Use  of  industrial  wastes  as  raw  material  for  ceramic  tiles 


Fig.  2.  Current  research  priorities  on  the  field  of  permeable  and  water  retentive 
pavements. 
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Table  4 

Description  of  the  existing  technological  trends  on  the  field  of  permeable  and  water  retentive  pavements. 


No. 

Description  of  the  technology 

Type  of 
pavement 

Thermal  performance 

Reference 

1. 

Use  of  water  holding  fillers  made  of  steel  by 
products  as  an  additive  to  porous  asphalt 

Asphalt 

The  average  surface  temperature  of  the  water  holding  pavement  was  0.6 1<  lower  than  that 
of  the  infiltration  porous  asphalt 

1159] 

2. 

Use  of  fine  blast-furnace  powder  in  water 
retentive  asphalt 

Asphalt 

Its  surface  temperature  was  14  K  lower  that  of  a  dense  graded  asphalt  pavement 

1160] 

3. 

Use  of  fine  texture  pervious  mortar  as  an 
additive  to  pervious  concrete 

Concrete 

Data  are  not  available 

[161] 

4. 

Use  of  bottom  ash  and  peat  moss  as  additives 
in  pervious  concrete 

Concrete 

It  presents  almost  18  K  lower  surface  temperature  than  asphalt  after  a  rainfall,  while  the 
maximum  surface  temperature  difference  with  the  conventional  porous  pavement  was 
almost  9  K 

[171] 

5. 

Use  of  fly  ash  with  very  narrow  particle  size 
distribution  in  bricks 

Ceramic 

Decrease  of  the  surface  temperature  by  several  degrees. 

[172,173] 

6. 

Use  of  industrial  wastes  as  raw  material  for 
ceramic  tiles 

Ceramic 

Its  surface  temperature  was  almost  10  K  lower  than  that  of  the  dry  material  and  almost 

25  K  cooler  than  the  surface  temperature  of  conventional  asphalt 

[174] 

Table  5 

Main  research  priorities  other  than  reflective  and  permeable  pavements. 


No. 

Description  of  the  technology 

Thermal  performance  of  the  pavements 

Reference 

1. 

Use  of  phase  change  materials 
in  the  mass  of  the  pavement 

Compared  to  the  tiles  colored  with  conventional  pigments,  the  temperature  depression 
of  the  PCM  doped  pavement  was  2.9-8.3  K.  Compared  to  the  tiles  with  infrared  reflective 
pigments  the  temperature  decrease  was  0.6-2.6  K 

[35] 

2. 

Circulation  of  water  in  the 
mass  of  asphaltic  pavements 

The  surface  temperature  of  the  pavement  may  decrease  up  to  4-5  K  as  a  function  of  the 
circulated  mass  of  water 

[127,128,148,197-201] 

3. 

Use  of  photovoltaic  pavements 

The  surface  temperature  of  photovoltaic  pavements  may  be  3-5  I<  lower  than  that 
of  conventional  concrete  pavements 

Unpublished  Work 

(c)  Use  of  fine  texture  pervious  mortar  as  an  additive  to  pervious 
concrete:  The  development  and  testing  of  a  pervious  concrete 
pavement  combined  with  fine  texture  pervious  mortar  is 
described  in  [164].  Mortar  is  produced  using  cementitious 
materials,  aggregate  and  water  and  is  used  in  order  to  improve 
the  surface  texture  of  the  pervious  concrete.  The  water 
permeability  of  the  final  composition  was  quite  low,  (2- 
3  mm/s).  No  data  are  available  about  the  thermal  performance 
of  the  new  material. 

(d)  Use  of  bottom  ash  and  peat  moss  as  additives  in  pervious 
concrete:  The  development  and  the  experimental  evaluation 
of  a  novel  porous  pavement  block  using  bottom  ash  and  peat 
moss  is  described  in  [176].  Peat  is  a  porous  material  that  acts 
as  an  adsorbent  to  remove  heavy  metals  from  aqueous 
solutions.  The  developed  pavement  was  tested  experimentally 
against  conventional  asphalt  and  normal  porous  blocks.  It  is 
found  that  the  proposed  material  presents  almost  18  K  lower 
surface  temperature  than  asphalt  after  a  rainfall,  while  the 
maximum  surface  temperature  difference  with  the  conven¬ 
tional  porous  pavement  was  almost  9  K. 

(e)  Use  of  fly  ash  with  very  narrow  particle  size  distribution  in 
bricks:  The  development  of  porous  bricks  presenting  an  open 
porosity  of  22-43%  is  reported  in  [177],  The  bricks  have  an 
average  porous  size  between  0.4  and  50  pm  and  were  pre¬ 
pared  using  fly  ash  with  very  narrow  particle  size  distribution. 
Experimental  work  reported  in  [178],  has  shown  that  lower 
surface  temperatures  of  water  retentive  materials  in  associa¬ 
tion  to  the  limited  reflected  radiation  helps  to  improve 
thermal  comfort  of  citizens. 

(f)  Use  of  industrial  wastes  as  raw  material  for  ceramic  tiles:  In 
[179],  a  new  water  retentive  ceramic  tile  used  for  pavement 
has  been  developed  and  experimentally  tested.  The  tile  is 
made  using  industrial  wastes  as  raw  material  and  is  consid¬ 
ered  as  one  of  the  most  water  retentive  ones.  The  pavement 
has  been  experimentally  tested  outdoors  under  saturation 
conditions  and  is  found  to  be  almost  10  K  of  lower 


temperature  than  a  concrete  roof.  In  parallel,  the  air  above  the 
tile  was  almost  1-2  I<  of  lower  temperature.  The  use  of  water 
retentive  materials  presenting  a  high  capillary  ability  has  been 
proposed  in  [180].  As  reported,  these  materials  have  the  ability 
to  suck  up  and  spread  efficiently  the  water  in  the  whole 
surface  of  the  pavement.  Measurements  have  shown  that  the 
surface  temperature  of  the  proposed  materials  was  almost 
10  K  lower  than  that  of  the  dry  material  and  almost  25  K 
cooler  than  the  surface  temperature  of  conventional  asphalt. 
The  measured  sensible  and  latent  heat  fluxes  from  the  wet 
material  were  70  W/m2  and  430  W/m2  respectively. 


5.3.  Experimental  testing  and  thermal  performance  of  permeable 
and  water  retensive  pavements 

Several  studies  have  been  performed  aiming  to  test  the  thermal 
performance  of  permeable  and  water  retentive  pavements.  Five 
experimental  works  are  reported  in  the  literature  comparing  the 
thermal  performance  of  various  types  of  permeable  and  water 
retentive  pavements  against  conventional  ones.  The  main  char¬ 
acteristics  of  the  experimental  comparisons  and  the  obtained 
results  are  reported  in  Table  5.  The  main  conclusion  drawn  from 
the  comparative  evaluation  of  the  five  experimental  works  is  that 
the  performance  of  the  permeable  pavements  depends  highly  on 
their  design  characteristics  as  well  as  on  the  boundary  conditions 
where  the  experiments  taken  place.  In  most  of  the  cases  the 
results  are  quite  contradictory.  For  example  in  [181],  it  is  found 
that  permeable  concrete  presented  higher  surface  temperatures 
than  the  conventional  concrete  pavement,  however  in  [182],  it  is 
found  that  permeable  pavements  presented  almost  4  I<  of  lower 
surface  temperature  than  the  conventional  ones.  In  parallel, 
comparisons  performed  between  the  surface  temperature  of 
permeable  pavements  and  asphaltic  materials  show  that  perme¬ 
able  materials  present  either  a  lower  temperature  [121,183],  or 
both  temperatures  were  almost  similar  [184],  or  the  temperature 
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of  the  permeable  pavement  was  even  higher  than  that  of  the 
asphalt  [185].  A  short  presentation  of  the  comparative  experi¬ 
mental  works  is  given  below. 

The  thermal  performance  of  pervious  concrete  pavements  has 
been  compared  against  traditional  concrete  pavements  in  [185], 
using  both  experimental  and  theoretical  techniques.  It  is  reported 
that  pervious  concrete  presented  higher  surface  temperatures 
during  the  daytime  while  during  the  night,  both  surface  tempera¬ 
tures  were  of  the  same  order.  It  is  also  found  that  less  energy  was 
stored  in  pervious  concrete  while,  for  similar  cement  mixtures, 
had  a  lower  solar  reflection  than  conventional  cement  pavements. 
Similar  results  are  reported  in  [184-186],  In  all  cases  pervious 
concrete  had  higher  surface  temperatures  compared  against  tradi¬ 
tional  concrete  pavements,  however  its  temperature  decreased 
rapidly  under  the  concrete  pavement. 

The  thermal  performance  of  various  types  of  pavements  has 
been  evaluated  experimentally  in  [183].  Tested  pavements 
involved  porous  blocks,  asphalt,  grass  and  ceramic  surfaces.  It  is 
reported  that  during  noon  the  maximum  surface  temperature  of 
the  porous  block  was  54.8  “C  and  was  similar  to  the  surface 
temperature  of  the  asphalt.  In  parallel,  the  surface  temperature 
of  the  ceramic  pavement  and  of  the  grass  was  close  to  44  °C.  Even 
at  early  morning  (06:00),  a  surface  temperature  difference  of  3.0  K 
was  observed  between  the  two  blocks  of  pavements  (porous  block 
and  asphalt  against  grass  and  ceramic).  For  all  the  materials  the 
maximum  temperature  was  measured  at  20  cm  below  the  surface 
of  the  pavement  while  it  was  found  that  the  subsurface  heat 
storage  is  higher  for  the  porous  block  and  the  asphalt  than  for  the 
grass  and  the  ceramic  pavement.  It  is  noted  that  the  reflectivity  of 
the  tested  materials  were:  0.25  for  the  porous  block,  0.08  for  the 
asphalt,  0.27  for  the  grass  and  0.24  for  the  ceramic  pavement.  It  is 
also  mentioned  that  during  the  experiment,  the  surface  of  the 
porous  block  was  dry  and  so,  no  evaporation  losses  taken  place. 

In  [172],  the  thermal  performance  of  16  different  pavements 
including  conventional,  porous  and  water  retaining  asphalt,  con¬ 
crete  and  interclocking  materials,  is  tested  both  experimentally 
and  theoretically.  In  parallel,  for  comparison  reasons,  grass  and 
bare  soils  have  been  tested.  It  is  reported  that  the  pavements 
presenting  the  lowest  and  higher  temperatures  were  the  grass 
and  the  conventional  asphalt,  with  a  maximum  temperature 
difference  of  20  K  and  4  K  during  the  day  and  the  night  period. 
The  reduction  of  the  sensible  heat  flux  during  the  day  and 
night  against  conventional  asphalt  has  been  estimated  for  all 
types  of  pavements.  The  daytime  sensible  heat  reduction  of  bare 
soil  was  270  W/m2  and  350  W/m2  for  grass.  The  corresponding 
sensible  heat  reduction  for  the  interlocking  and  the  cement 
pavements  were  280  and  180  W/m2  respectively.  As  it  concerns 
the  so  called  ‘cool  pavements',  the  sensible  heat  reduction  of  the 
porous  and  water  retaining  concrete  was  close  to  100  W/m2, 
compared  to  the  sensible  heat  of  the  conventional  asphalt,  while 
the  corresponding  reduction  of  the  water  retaining  asphalt  was 
around  140  W/m2. 

In  [121],  the  performance  of  15  permeable  and  water  retentive 
concrete  pavements  was  tested  experimentally.  Among  the  tested 
pavements,  4  were  permeable  and  11  were  non-permeable.  The 
overall  experimental  testing  has  shown  that  there  is  no  correlation 
between  the  surface  temperature  and  the  permeability  of  the 
water  retentive  concrete  blocks.  As  it  concerns  the  surface  tem¬ 
perature  of  the  tested  pavements  it  is  reported  that  the  water 
retentive  concrete  blocks  presented  a  much  lower  surface  tem¬ 
perature  than  a  dense  grade  asphalt  pavement.  In  particular  when 
the  asphalt  pavement  had  56.1  °C,  the  surface  temperature  of  the 
water  retentive  blocks  was  7.2-16.6  I<  lower  ranging  between  38.5 
and  48.9  C.  Additionally,  it  was  found  that  water  retentive  pave¬ 
ments  presenting  a  lower  surface  temperature  after  the  rain,  had 
also  a  lower  temperature  8  days  after.  Similar  results  are  presented 


in  [182],  where  the  water  retention  capability  of  porous  pave¬ 
ments  has  been  experimentally  tested. 

The  thermal  performance  of  pervious  pavements  is  experimen¬ 
tally  tested  and  reported  in  [188].  It  is  found  that  pervious 
pavements  presented  almost  4.1  I<  lower  surface  temperature  than 
the  corresponding  conventional  pavement,  while  during  the  night 
period  the  difference  was  close  to  1.0  K. 

Water  retentive  pavements  are  mainly  used  in  hot  and  humid 
climates  where  water  availability  is  not  a  problem.  The  application 
of  these  pavements  has  gained  a  very  increased  acceptance  in 
countries  like  USA,  China,  Australia,  UK  and  Japan.  Applications 
are  also  performed  in  Northern  countries  and  in  particular  in 
parking  lots  where  during  the  summer  the  surface  temperature 
of  the  asphalt  was  slightly  higher  while  surface  temperatures 
above  20  °C,  were  presented  12%  more  often  than  in  the  concrete 
pavements.  Most  of  the  large  scale  projects  were  designed  and 
implemented  aiming  to  manage  storm  water  problems  and  also  to 
mitigate  heat  island  and  deal  with  the  design  and  rehabilitation 
of  parking  lots,  streets  and  pavements.  Additional  information 
on  large  scale  applications  of  water  retentive  pavements  can  be 
collected  from  [77].  Unfortunately,  most  of  the  projects  are  not 
monitored,  and  information  on  the  specific  performance  of  the 
projects  is  not  available  and  thus  it  is  not  possible  to  evaluate  the 
details  of  the  applications. 

5.4.  Water  availability  and  alternative  techniques 

Permeable  and  water  retentive  pavements  require  important 
quantities  of  water  in  order  to  perform  in  a  proper  way.  In  hot  and 
humid  climates,  rain  water  is  mainly  used  to  enhance  evaporation 
in  the  pavement  system.  However,  for  less  rainy  climates 
reclaimed  or  waste  water,  when  available,  may  be  used  instead. 

The  idea  to  sprinkle  reclaimed  water  on  water  retentive  pave¬ 
ments  in  order  to  increase  evaporation  and  decrease  its  surface 
temperature  has  been  extensively  investigated  in  Japan  [189-191]. 
In  all  cases,  it  is  observed  that  by  sprinkling  water  on  roads  made 
from  water  retentive  materials  reduce  substantially  their  surface 
temperature.  Laboratory  experiments  reported  in  [192,193]  where 
the  evaporation  efficiency  of  water  retentive  pavements  was  mea¬ 
sured  have  shown  that  the  surface  temperature  of  these  materials 
depends  strongly  on  their  water  retention  and  evaporation  efficiency. 
It  is  suggested  that  a  water  supply  system  is  necessary  in  order  to 
achieve  the  lowest  possible  surface  temperatures.  A  large  scale 
experimental  application  in  open  spaces,  where  reclaimed  waste- 
water  was  sprinkled  on  water  retentive  pavements  is  described  in 
[172].  The  experiment  was  carried  out  in  Shiodome  District  on  Tokyo, 
Japan.  It  is  reported  that  water  has  decreased  the  road  surface 
temperature  by  8.0  K  during  the  day  and  3.0  K  during  the  night 
period.  In  particular,  during  the  daytime  the  surface  temperature  of 
the  area  sprinkled  with  water  was  37.8  C  against  45.8  °C  of  the  zone 
without  sprinkling  of  water.  The  corresponding  nighttime  period 
surface  temperatures  were  28.8  °C  and  31.8  °C  respectively.  In  case 
sprinkling  happened  only  during  the  daytime,  it  was  observed  that 
the  water  retentive  pavement  had  a  lower  surface  temperature  even 
during  the  next  night.  In  parallel,  the  sensible  heat  losses  were 
estimated  and  it  was  found  that  water  sprinkling  lowers  the  sensible 
flux  by  almost  30%.  In  particular,  the  sensible  flux  in  the  sprinkled 
and  non-sprinkled  areas  during  the  day  period  were  close  to 
154  kj/m2  and  456  kj/m2  respectively,  while  during  the  nighttime 
the  corresponding  fluxes  were  16  and  62  kj/m2 

6.  Other  technologies 

Apart  of  the  reflective  and  water  retentive  pavements,  other 
techniques  were  explored  both  theoretically  and  experimentally. 
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Fig.  3.  Current  research  priorities  on  other  cool  pavement  technologies. 


Three  main  research  directions  are  proposed  and  investigated 

(Fig.  3)  Table  5  summarizes  the  characteristics  of  the  proposed 

techniques. 

(a)  Use  of  phase  change  materials  in  the  mass  of  the  pavement: 
Increase  of  the  thermal  capacitance  of  the  paving  materials 
contributes  to  decrease  surface  temperatures  and  the  amount 
of  sensible  heat  released  to  the  atmosphere.  The  use  of  phase 
change  materials  into  the  mass  of  pavements  aiming  to 
increase  the  heat  stored  under  the  form  of  latent  heat  is 
proposed  in  [35].  Phase  change  materials  have  been  exten¬ 
sively  tested  to  decrease  peak  temperatures  in  buildings  and 
amortize  peak  cooling  loads  [188-196],  In  particular,  different 
color  paving  tiles  have  been  prepared  using  infrared  reflective 
pigments  together  with  nano-phase  change  materials  of 
different  concentrations  and  melting  temperatures.  The  PCM 
doped  tiles  have  been  experimentally  compared  against  tiles 
of  the  same  color  made  with  the  use  of  the  same  infrared 
reflective  pigments  but  without  phase  change  materials  and 
tiles  prepared  with  conventional  color  pigments.  Testing 
under  hot  summer  conditions  has  shown  that  the  PCM  doped 
tiles  presented  significantly  lower  temperatures.  Compared  to 
the  tiles  colored  with  conventional  pigments,  the  temperature 
depression  was  of  the  order  of  2.9-8.3  K,  while  compared  to 
the  tiles  prepared  with  infrared  reflective  pigments  the 
achieved  temperature  decrease  was  between  0.6  and  2.6  K. 
Temperature  differences  were  observed  mainly  in  the  morn¬ 
ing  hours  (07:00-10:00),  when  the  phase  change  material 
melts.  During  the  rest  of  the  day  and  night,  the  impact  of  the 
PCM  was  not  important  and  the  surface  temperature  of  the 
tile  prepared  with  infrared  reflective  pigments  was  almost  the 
same.  In  parallel,  it  is  reported  that  the  concentration  of  PCM 
in  the  mass  of  the  paving  material  is  not  significant  after  a 
certain  concentration  value,  while  the  melting  point  tempera¬ 
ture  of  the  doping  materials  defines  the  time  period  when  the 
tiles  exhibit  lower  temperatures.  The  study  has  concluded  that 
PCM  doping  materials  help  to  decrease  the  surface  tempera¬ 
ture  of  paving  materials,  however  the  relative  impact  and 
contribution  is  not  spectacular. 

(b)  Circulation  of  water  in  the  mass  of  asphaltic  pavements:  The  idea 
to  cool  asphalt  by  circulating  water  through  pipes  placed 
behind  its  surface  has  been  investigated  by  many  authors 
[127,128,148,199-202].  Given  the  very  high  surface  tempera¬ 
ture  of  the  asphalt  during  the  summer  period,  circulation  of 
water  could  decrease  the  temperature  in  the  body  and  the 
surface  of  the  asphalt  pavement  and  reduce  the  sensible  heat 
convection  to  the  atmosphere.  Water  may  be  pumped  up  from 
an  underground  storage  medium,  a  river  or  any  other  source. 


The  warm  water  can  be  used  for  the  generation  of  electricity 
by  using  thermoelectric  equipment  or  simply  used  as  warm 
water.  It  is  obvious  that  the  efficiency  of  the  proposed  system 
depends  highly  on  the  location  and  spacing  of  the  pipes. 
Experiments  and  simulations  carried  out  show  that  the 
thermal  potential  of  the  system  is  quite  high,  however  several 
problems  have  to  be  overcome.  In  particular,  the  low  thermal 
conductivity  of  asphalt  reduces  the  heat  transfer  through  the 
pavement,  the  problems  of  maintenance  because  of  the 
pressure  on  the  pipes,  and  other  structural  and  practical  issues 
and  problems  arising  from  the  use  of  an  extensive  piping 
system,  have  to  be  resolved.  The  system  was  applied  in  several 
real  scale  projects  in  the  Netherlands  [128]. 

(c)  Use  of  photovoltaic  pavements:  The  use  of  photovoltaics  as 
pavements  was  investigated  recently.  New  technologies  for 
photovoltaic  pavements  based  on  the  use  of  PV  tiles  made 
with  glass  integrated  over  ceramic,  enables  walking  on  and 
placing  of  furniture.  Photovoltaic  pavements  may  provide 
electricity,  save  space  and  in  case  their  surface  temperature 
is  appropriate,  they  could  contribute  to  mitigate  heat  islands 
in  cities.  Preliminary  results  obtained  during  the  summer  of 
2012  in  Athens  has  shown  that  the  surface  temperature  of 
photovoltaic  pavements  may  be  3-5  K  lower  than  that  of 
conventional  concrete  pavements. 


7.  Conclusions 

Important  research  is  carried  out  aiming  to  better  document, 
understand  and  mitigate  urban  heat  islands.  New  materials, 
systems  and  technologies  have  been  developed  and  proposed 
in  order  to  decrease  the  sensible  heat  flux  to  the  atmosphere 
from  different  urban  structures  like  buildings  and  paved  surfaces. 
Business  around  pavements  present  an  extreme  commercial 
importance  and  employ  hundreds  thousands  of  workers,  engi¬ 
neers  and  administrators.  It  is  during  the  very  recent  years  that 
researcher  working  on  pavement  technologies  started  to  look  on 
their  optical  and  thermal  properties  and  the  possible  impact  on 
urban  climate. 

As  it  concerns  the  research  objectives  on  the  field  of  cool  pave¬ 
ments,  two  main  research  streams  have  been  developed  aiming 
either  to  develop  highly  reflective  paved  surfaces  or  permeable 
pavements  making  use  of  the  cooling  evaporation  capacity  of 
water.  Research  on  shading  devices  and  vegetative  pavements 
has  offered  some  very  interesting  architectural  proposals,  however 
the  technical  developments  on  these  fields  are  quite  limited. 
Other  proposed  techniques  and  technologies  mainly  based  on 
the  use  of  mechanical  systems  are  of  marginal  importance  for 
the  time  being. 

Actual  research  trends  to  develop  highly  reflective  pavements 
focus  on  the  the  use  of  highly  reflective  white  coatings  and 
infrared  reflective  colored  pigments  to  increase  the  albedo  of  the 
pavements  surface,  the  use  of  reflective  paints  to  increase  the 
reflectance  of  the  pavement  ingredients,  and  also  the  use  of  color 
changing  paints  to  achieve  a  better  thermal  performance  all  year 
round.  Laboratory  tests  have  shown  that  the  albedo  achieved  can 
be  very  high  and  the  pick  surface  temperature  of  the  paved 
materials  may  decrease  by  up  to  20  K.  Newly  developed  reflective 
materials  and  techniques  were  tested  in  many  demonstration  and 
real  scale  projects.  Unfortunately,  few  projects  are  monitored  in 
detail  to  document  precisely  the  expected  benefits  from  a  large 
scale  implementation  of  reflective  pavements.  It  is  considered  that 
there  is  an  urgent  need  for  more  large  scale  demonstration 
projects  to  assess  experimentally  and  in  detail  all  aspects  related 
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to  the  modification  of  the  local  microclimate  and  the  possible 
impact  on  thermal  comfort  and  energy  consumption. 

Permeable  and  water  retentive  pavements,  vegetated  or  not, 
are  more  appropriate  for  rainy  and  humid  areas  where  the 
availability  of  water  is  not  a  problem.  Actual  research  targets  aim 
mainly  to  involve  additional  agents  in  the  mass  of  the  pavements 
like  steel  bioproducts,  fine  blast  furnace  powder,  fine  texture 
pervious  mortar,  bottom  and  fly  ash,  peat  moss  and  industrial 
wastes.  Research  aims  also  to  improve  the  capillary  ability  of  the 
pavements  to  increase  the  water  content  and  the  evaporation 
capacity  of  the  materials.  Laboratory  tests  have  shown  that  new 
generation  permeable  pavements  seem  to  present  a  significant 
lower  surface  temperature  than  the  corresponding  conventional 
permeable  materials.  However,  the  thermal  performance  of  the 
permeable  and  water  retentive  pavements  depends  highly  on  the 
availability  of  water. 

Many  demonstration  and  large  scale  applications  of  permeable 
and  water  retentive  pavements  have  been  realized.  However,  the 
existing  scientific  information  regarding  their  thermal  perfor¬ 
mance  is  quite  limited,  as  very  few  projects  have  been  monitored. 
Uncontestably,  important  developments  have  been  realized 
mainly  on  the  laboratory  level,  however  it  is  widely  accepted  that 
research  on  cool  pavements  has  to  progress  faster  and  more 
concrete  achievements  have  to  be. 
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